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Abstract:  We demonstrate that phase shifts larger than 2π can be induced 
by all-optical tuning in silicon waveguides of a few micrometers in length. 
By generating high concentrations of free carriers in the silicon employing 
absorption of ultrashort, ultraviolet laser pulses, the refractive index of 
silicon can be drastically reduced. As a result, the resonance wavelength of 
optical resonators can be freely tuned over the full free spectral range. This 
allows for active integrated optic devices that can be switched with GHz 
frequencies into any desired state by all-optical means.   
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optical devices; (230.4555) Coupled resonators; (130.7408) Wavelength filtering devices; 
(130.0130) Integrated optics. 
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1. Introduction  
Optical resonators are among the most versatile optical elements. Resonances with high 
quality-factors (Q-factors) are essential for applications in telecommunication, sensing, and 
nonlinear optics [1]. Silicon-on-insulator (SOI) is an attractive platform to realize integrated 
optical resonators, as it promises high levels of integration, low loss and compatibility with 
mass production processes. Among the various types of resonators, ring resonators, or related 
concepts such as racetrack resonators, are among the best investigated. 
By actively tuning the resonance wavelength, tunable wavelength filters, modulators and 
switches can be created. Mechanisms for resonator tuning have been widely researched and 
proposed mechanisms include electro-optic tuning [2,3], thermo-optic tuning [4-6], as well as 
exploiting the Kerr-effect [7,8] and plasma dispersion. Plasma dispersion, i.e. changing the 
refractive index of silicon by generation of free carriers, can be induced by directly injecting 
free carriers into the silicon [9], or by absorption of photons with energies above the bandgap 
in an all-optical way [10,11]. 
All-optical tuning is desirable as it circumvents the need to transform signals between the 
optical and the electrical domain. It is believed to eventually be faster and more economical 
than electronic tuning [12]. SOI based resonators can be all-optically tuned by two-photon 
absorption of near-infrared light [13-21] or by direct absorption of photons with energies 
larger than the bandgap, i.e. of wavelengths of typically 800 nm or below [22-25]. Usually, 
the small change in the refractive index of silicon that can be achieved by all-optical tuning is 
given as the main drawback. Thus, these pioneering studies often demonstrated all-optical 
tuning by switching high Q-factor optical resonators between on- and off-states, where large 
modulations in transmission were achieved within relatively small tuning ranges of the order 
of the resonance width. 
 Fig. 1. Optical setup for tuning of optical resonators employing UPMS. Infrared probe pulses 
are coupled by grating couplers into the input waveguide, travel through the device and are 
detected after outcoupling in a spectrometer. Pump pulses are focused on the resonator from 
top.  
 
Here, we demonstrate that all-optically induced phase shifts of more than 2π are possible 
within conventional SOI waveguides over micrometer lengths by exploiting above-bandgap 
optical pumping. As a result, resonance wavelengths can be continuously tuned to any desired 
value within the free spectral range (FSR). We experimentally demonstrate large shifts in the 
resonance wavelength of a ring resonator as well as for a set of coupled resonators in a 
Vernier configuration. Picosecond all-optical tuning of resonators opens up new avenues for 
all-optical devices such as fully tunable wavelength filters and all-optical reconfigurable 
optical add-drop multiplexers (ROADMs) [26,27]. ROADMs are key elements in wavelength 
division multiplexed networks and currently rely on wavelength selective switches based on 
liquid crystal technology, microelectromechanical systems or on thermo-optic actuators [28-
30]. Implementing such devices in a compact, integrated, ultrafast and all-optical design 
would mean a leap in performance in next generation optical networks. 
2. Optical setup and method 
For the tuning of optical resonators we employed a setup similar to the one previously 
used for spatio-temporal mapping of optical elements [31]. The ultrafast photomodulation 
spectroscopy (UPMS) technique exploits optical pumping in the UV range using 400 nm 
wavelength laser pulses generated by frequency doubling of the 800 nm output from a 
regenerative amplifier (Coherent RegA). The laser system produces pulses of 150 fs length at 
repetition rate of 250 kHz. A second output with tunable wavelength in the near infrared was 
taken from the idler output of an optical parametric amplifier and used to probe the 
transmission of the device under test.  
Figure 1 summarizes the experimental setup. The transverse-electric (TE)-polarized probe 
pulses were focused into a single mode fiber and were coupled by means of grating couplers 
into the waveguide. The transmitted light was coupled out of the waveguide by another 
grating coupler into a single mode fiber and was subsequently coupled into a spectrometer 
equipped with cooled InGaAs CCD array (Andor Shamrock 500i / iDus). The UV pump light 
was focused from the top onto the device under test using a 100x, 0.5 N.A. microscope 
objective (Mitutoyo). The precise position of the pump spot on the device was controlled 
using a piezo stage, which allowed spatial mapping of the photomodulation response. An 
optical delay line was used to control the time delay between the pump and probe pulses. 
As we have shown in our previous study [31], free carrier concentrations exceeding 10
20
 
cm
-3
 can be created by excitation of SOI waveguides with 400 nm laser pulses. As a result, the 
effective index for the fundamental mode in the waveguide can be decreased by more than 
0.4, allowing for phase shifts larger than 2π within a length of a few micrometers. 
The smallest achievable pump spot diameter with our setup is smaller than one 
micrometer. However, to generate large phase shifts, a larger pump spot diameter is desirable 
to enlarge the excited section of the waveguide while keeping the pump fluence below the 
damage threshold of the waveguide. We produced different sizes of the pump spot by 
defocusing the microscope objective. The resulting pump spot diameter was measured by 
spatially scanning the objective perpendicular to the waveguide by means of the piezo stage. 
We define the pump spot diameter as the full width at half maximum of a Gaussian fit to the 
measured data of the spatial scan. Because the pump spot diameter in our experiments was 
considerably larger than the waveguide width, we further define the effective pump energy Eeff 
as the energy per pump pulse that incidents the waveguide surface by comparing the 
illuminated area of the circular pump spot with the illuminated waveguide surface area, i.e. 
𝐸𝑒𝑓𝑓 = 𝐸
4∗𝑤∗𝑑
𝜋𝑑²
, where E is the total pump pulse energy as measured before entering the 
microscope objective, w the waveguide width and d the diameter of the pump spot on the 
sample surface.  
3. Ring resonator 
The investigated ring resonator has a diameter of 12 µm and is composed of rib waveguides 
(450 nm width, 220 nm total thickness, 100 nm slab thickness) with SiO2 as lower and top 
cladding. Figure 2(a) shows a micrograph of the ring resonator, with annotations showing the 
direction of light propagation and position of the pump spot. We introduced the pump pulses 
from top onto the ring at a position opposite of the bus waveguide, in order to avoid any 
effects of the optical pumping on the bus waveguide. Figures 2(c)-(f) show scans of the 
normalized transmission spectra as a function of the pump-probe delay time, for different 
effective pump energies from 38 pJ to 196 pJ. In conventional pump-probe spectroscopy, a 
dimensionless ratio of the change in transmission normalized to the transmission itself is 
usually used to correct for differences in spectral response, drift in the setup, etc. However, in 
case of large (order unity) changes in the spectral response, this method is not very intuitive 
and it is often easier to interpret the transmission function itself. A proper normalization of the 
measured spectra to the Gaussian spectrum of the incident probe pulses in our experiment is 
complicated, as the transmitted spectrum is affected by the ring resonator. As a result, we 
exploited a scheme which makes use of the fact that the transfer function of the ring resonator 
is significantly shifted by the pump laser. In the case of the ring resonator, we estimated the 
Gaussian spectrum of the probe pulses from a combination of the shifted and unshifted 
transmission spectra, taking the envelope of maximum intensity and thus correcting the 
reference spectrum for the dips caused by the ring resonator. Applying this Gaussian reference 
spectrum for normalization of the measured spectra, the transfer function of the ring resonator 
can be recovered with high fidelity, as can be seen in Figs. 2(c)-(f). For delay times smaller 
than -10 ps, the pump pulses arrive at the ring delayed by a time larger than the ringdown time 
of the probe pulses in the resonator. Thus, the transmitted probe is not influenced by the 
tuning of the ring resonator as it has already finished its propagation through the ring and the 
resonance wavelength positions of the ring correspond to the unperturbed situation. At zero 
delay time, i.e. pump and probe pulses arriving at the same time, a significant shift of the 
resonance toward shorter wavelengths can be observed. This shift can be attributed to the 
generation of a free-carrier plasma in the silicon, which has been observed in previous studies 
[9-11,16,31] to reduce the refractive index of silicon, thus shortening the optical length of the 
resonator and blue-shifting its resonances. For positive delay times, i.e. pump pulses arriving 
at the ring earlier than the probe pulses, the plasma effect decays due to the recombination of 
the free carriers in the time between their generation and the arrival of the probe pulse. In the 
investigated system, the exponential decay time is of the order of a few hundred picoseconds. 
If in an application a constant shift of the resonance wavelength is desired, a laser with a 
higher repetition rate but lower pulse energy could be used to keep free carrier population and 
thus the wavelength shift within a small window.  
 Fig. 2. Tuning of a ring resonator. (a) Micrograph of the investigated ring resonator with 
indicators for pump position and direction of light propagation. (b) Measured wavelength shift 
in units of the free spectral range (FSR) for delay times of 5 ps (red crosses), 50 ps (blue 
circles), and 100 ps (cyan triangles). Solid lines are linear fits to these data points. (c)-(f) 
Transmission spectra (TE-polarization) of the bus waveguide as a function of delay time at 
which the ring is modulated for four different effective pump energies. Dips in the transmission 
spectra (dark colors) correspond to the resonances of the ring and the dashed lines are guides to 
the eye following the resonances that were used to create (b). 
 
At the longest investigated delay time of 280 ps some blue-shifting of the resonances is still 
noticeable. Since the thermo-optic coefficient of silicon has a positive sign and would thus 
redshift resonances, we conclude that this offset is still caused by plasma dispersion and that 
thermo-optic effects are negligible in our experiments. We extracted the wavelength shift, i.e. 
the shift of the minima positions in the transmitted spectra, from the measurements presented 
in Fig. 2(c)-(f) and plotted the wavelength shift (normalized to the FSR of 16.7 nm) versus the 
effective pump energy in Fig. 2(b) for different delay times. The wavelength shifts follow a 
linear trend with respect to effective pump energy. For the highest pump energy, we observed 
tuning of the resonance wavelength by more than 20 nm, thus clearly exceeding the FSR of 
16.7 nm. The diameter of the pump spot for this experiment was measured to be 5.8 µm. This 
demonstrates that within this short length, phase shifts of larger than 2π can be induced by all-
optical means. 
Figures 3(a)-(c) presents transmission spectra of the bus waveguide for different pump 
energies and delay times, visualizing the shift of the resonances. Further, the broadening of 
the resonances due to the absorption induced by the free carriers in the ring resonator becomes 
apparent. As a result, the quality factor of the resonances is reduced. Figure 3(d) analyses this  
 Fig. 3. (a)-(c) Comparison of the untuned spectra of the ring resonator with the spectra for 
different effective pump energies and for delay times of 5 ps, 100 ps, and 200 ps. (d) Q-factor 
of the resonances in (a)-(c) versus the wavelength shift normalized to the FSR of 16.7 nm 
(pump energy 38 pJ: red triangles and crosses, pump energy 116 pJ: blue squares and 
diamonds, pump energy 196 pJ: cyan circles). The grey line is a fit to the data points assuming 
a linear relation of ni = 0.24 Δnr. 
 
relationship by plotting the quality factor of the resonances in Figs. 3(a)-(c) versus the 
wavelength shift. The losses due to free carriers in the excited area are reflected in an increase 
in the imaginary part of the refractive index ni, while the shift of the resonance wavelengths 
are caused by a change in the real part of the refractive index Δnr. Using  𝑄 =
2𝜋𝑛𝑔
𝛼𝜆
[32], with 
the group index determined to be ng = 3.72 from finite element simulations and α the losses in 
the ring we relate the losses in the ring with the quality factor. We split α into α = αu + αf, 
where αu are the losses in the unmodulated ring and αf = k0 * ni are the additional losses due 
the exited free carriers. We determine αu from the average Q-factor of Q = 1196 of the 
unmodulated resonances. By assuming a linear relation between Δnr and ni, i.e. ni = c * Δnr, 
we can optimize the proportional constant c for an optimum fit of the theoretical curve (grey 
line in Fig. 3(d)) with the measured data points. The calculated constant of c = 0.24 is in good 
agreement with our previous study[31] and is a constant for silicon for this kind of excitation. 
It inherently links the shift of the resonance wavelength with the reduction of the Q-factor and 
can only be overcome by using a different material system with a smaller value for c, or a 
different resonator structure, e.g. Vernier resonators, as discussed below. 
In Fig. 4, spatial photomodulation maps for a ring resonator of same nominal dimensions are 
given. We define the modulation ΔT/T as the change in transmission ΔT caused by the pump 
pulses divided by the transmission T of the untuned system. These maps were created by 
raster-scanning the position of the microscope objective focusing the pump pulses over the 
area of the ring resonator. Figure 4(a) depicts the spectral position of the maps relative to the 
tuned and untuned resonances, and sketches the expected photomodulation ΔT/T. The Figs 
4(b)-4(f) show the measured photomodulation maps for five different wavelengths around a 
resonance at 1577 nm. For wavelengths significantly shorter than the original resonance (Figs. 
4(b) and 4(c)), the tuning results in a reduction of transmission as the resonance is blue-shifted 
towards these shorter wavelengths. Transmissions at wavelengths around the original 
resonance (Figs. 4(d) and (e)) are strongly increased. As expected, the position along the ring  
 Fig. 4. Spatial photomodulation maps. (a) Sketch of the untuned and tuned transmission spectra 
T of a ring (top curves), as well as of the expected photomodulation ΔT/T (bottom curve). Also, 
the spectral positions of the spatial photomodulation maps presented in (b)-(f) are indicated. 
The spatial maps are plotted for different wavelengths, as denoted in the graphs (3 ps delay 
time, 95 pJ effective pump energy, 1.5 µm pump spot size). 
 
at which it is modulated has no influence on the strength of the modulation. The blue regions 
around the main red ring in Fig. 4(d) are caused by a partial overlap of the pump spot with the 
ring waveguide. In such a scenario, the original resonance wavelength of around 1577.4 nm is 
blue-shifted towards the investigated wavelength of 1576 nm thus reducing transmission. For 
better overlap, the resonance wavelength is further driven beyond 1576 nm, leading to the 
predicted increase in transmission. The bus waveguide is visible as a blue stripe in all five 
maps. As it is not a resonant structure, the dominant effect on the bus waveguide is absorption 
caused by the excited free carriers, and thus independent on the wavelength.   
4. Vernier resonators 
There is a relation between the FSR and the Q-factor that can be achieved using ring 
resonators. In fact, reducing the ring radius to enlarge the FSR increases bending losses and 
reduces the Q-factor. However, by coupling resonators, the FSR of the combined system can 
be a multiple of the FSR of individual resonators. Vernier resonators operating in the second 
regime are one widely investigated option, e.g. in sensing [33-36]. Towards 
telecommunication applications, the tuning of Vernier resonators working in the first regime 
of the Vernier effect has been demonstrated based on the thermo-optic effect [36-40] and by 
carrier injection [41]. 
As indicated in Fig. 5(a), we investigate a Vernier system of two racetrack resonators of 
slightly different lengths coupled by a connecting waveguide and measure the light 
transmitted through both racetrack resonators. The racetrack resonators and waveguides are 
composed of SOI rib waveguides (450 nm width, 400 nm total thickness, 180 nm slab 
thickness) with SiO2 as lower and air as top cladding. The first racetrack has a length of 
345.2 μm with a 9.2-μm-long straight coupling region, and the second racetrack is 328 μm 
long with a 10 μm straight coupling region. Transmission at a given wavelength can only 
occur if both resonators are in resonance, with the height of the transmission peak defined by 
the overlap of the transmission peaks of the individual racetracks. Similar to beating  
 Fig. 5. Tuning of Vernier racetracks. (a) Micrograph of the investigated system with 
annotations for light propagation and position of the pump spot. (b) Untuned transmission 
spectrum (black line) and tuned transmission spectra for delay times of 50 ps (red lines) and 
200 ps (blue lines) for different effective pump energies. Dashed lines in the background 
indicate the position of the Vernier envelope maxima. (c) Detailed view on the spectra in (b) for 
a pump energy of 326 pJ. The dashed lines indicate the envelopes for delay times of 50 ps (red) 
and 200 ps (blue). (d) Transmission spectra as function of delay time for an effective pump 
energy of 163 pJ. 
 
phenomena, the transmission peaks are modulated by an envelope defined by the difference in 
the optical length of the resonators. Tuning the resonance wavelengths of one resonator does 
not shift the individual transmission peaks, as would be the case for the individual ring 
resonator. Instead, the envelope is shifted as also occurs in Vernier devices employed for 
sensing purposes [34,35], where only one of the two cascaded ring resonators is exposed to 
the analyte to be sensed and undergoes a localized refractive index perturbation. In 
comparison to a single ring resonator, modulating a Vernier system mitigates negative effects 
on the Q-factor, as one resonator always remains unaffected. Thus, the Q-factor of the 
transmitted signal can never fall below the Q-factor of the unmodulated resonator. 
In conclusion, an overall Vernier FSR as large as 35.5 nm has been measured 
experimentally with a Vernier gain of about 20 estimated by means of the first and second 
racetrack FSRs of 1.76 nm and 1.85 nm, respectively [33]. 
We investigated the shift of the envelope in Figs. 5(b) and (c). The bottommost curve in 
Fig. 5(b) shows the untuned transmission spectra. The other curves show tuned spectra with, 
from bottom to top, increasing pump energy, as denoted in the graph (pump spot diameter 
2.8 µm) for delay times of 50 ps (red lines) and 200 ps (blue lines). The presented spectra in 
Fig. 5 were normalized to the peak transmission of the untuned spectrum. The expected 
behavior, with the position of the transmission peaks constant, but the envelope shifting, can 
clearly be seen. For the highest investigated pump energy the envelope shifts by roughly 
18 nm, which is one order on magnitude larger than the FSR of the individual racetrack 
resonators. Further, for higher pump energies, absorption due to the free carriers becomes 
evident. As the peak positions remain unchanged, the red curves in the background (50 ps) 
overlap strongly with the blue curves (200 ps). However, by plotting a detailed graph for a 
pump energy of 326 pJ, Fig. 5(c) reveals that the envelope is more blue-shifted at 50 ps (red 
dashed line) than for 200 ps (blue dashed line). Additionally, the overall magnitude of the 
peaks at 50 ps is smaller and the envelope broader compared to 200 ps. This is consistent as a 
larger effect on the real and imaginary part of the effective mode index is expected at the 
shorter delay time. Figure 5 (d) gives an example of transmission spectra as function of delay 
time for a pump energy of 163 pJ. Expectedly, the time dependence of the plasma dispersion 
effect in the racetrack resonators is comparable to that of the ring resonator. 
5. Conclusion 
Optical resonators have been tuned by all-optical pumping employing ultrashort, 400 nm 
pump pulses. Phase shifts of larger than 2π were demonstrated in waveguide sections shorter 
than 6 µm, allowing tuning of resonance frequencies over the full free spectral range of the 
resonator, without dealing damage to the waveguide. The plasma dispersion effect shows an 
ultrafast rising edge and decays with an exponential time constant of a few hundred 
picoseconds, allowing for switching speeds in the gigahertz regime. 
An important application of our all-optical modulation technique is a novel approach for 
reconfigurable optical add-drop multiplexing, where resonant wavelengths can be controlled 
and reconfigured by means of a UV pump signal. Significant progress has been made in the 
field of compact and affordable fast laser sources with high repetition rates, such as mode-
locked vertical-external-cavity surface-emitting-lasers (VECSELs), where compact laser 
sources with GHz repetition rate, sub-picosecond pulse length and high output power have 
been reported (e.g. [42,43]). The laser pulse length is not vital to our scheme of all-optical 
tuning provided it is much shorter than the recombination time of the free carriers. Thus, we 
believe that by employing these novel laser sources, devices such as ROADMs based on 
integrated optical circuits and all-optical modulation as presented here will become feasible in 
the near future and could be realized as low-maintenance devices-in-a-box. 
Finally, it is worth specifying that the ultrafast all-optical tuning demonstrated here can 
be employed in Vernier devices with multiple cascaded ring or racetrack resonators designed 
to operate in the first regime of the Vernier effect, where FSRs larger than 95 nm [40,44] as 
well as interstitial peak suppressions up to 40 dB [45] can be achieved for ultra-high 
performance optical filtering.  
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